Circular RNAs (circRNAs), a novel type of non-coding RNAs (ncRNAs), are ubiquitously expressed in eukaryotic cells during post-transcriptional processes. Unlike linear RNAs, circRNAs form covalent-closed continuous loops without 5' to 3' polarities and poly (A) tails. With advances in high-throughput sequencing technology, numerous circRNAs have been identified in plants, animals and humans. Notably, circRNAs display cell-type, tissue-type and developmental-stage specific expression patterns in eukaryotic transcriptome, which reveals their significant regulatory functions in gene expression. More importantly, circRNAs serve as microRNA (miRNA) sponges and crucial regulators of gene expression. Additionally, circRNAs modulate pre-mRNA alternative splicing and possess protein-coding capacity. CircRNAs exhibit altered expression under pathological conditions and are strongly associated with the development of various human diseases. Interestingly, circRNAs can also induce antiviral immune responses. A recent study found that the delivery of circRNAs generated in vitro activates RIG-I-mediated innate immune responses and provides protection against viral infection. The antiviral dsRNA-binding proteins, NF90/NF110, act as key regulators in circRNA biogenesis. NF90/NF110 are also functional in inhibiting viral replication through binding to viral mRNAs. In this review, we provide a comprehensive overview on the classification, biogenesis and functions of circRNAs. We also discuss the critical role of circRNAs in eliciting antiviral immunity, providing evidence for the potential implications of circRNAs in antiviral therapies.
Introduction
Studies of human genome demonstrate that protein-coding genes only occupy less than 2% of the entire genome [1] . However, it has been proven that more than 62% of genomic DNA serves as a template for transcription, which indicates that there are abundant non-coding RNAs (ncRNAs) in human transcriptome [2, 3] . ncRNAs play important roles in controlling gene expression at both transcriptional and post-transcriptional levels. ncRNAs can be classified into long ncRNAs (lncRNAs) and small ncRNAs (sncRNAs) [4] . LncRNAs with lengths greater than 200 nucleotides (nt) represent the largest part of mammalian non-coding transcriptome [5] . SncRNAs are less than 200 nt in length, consisting of microRNAs (miRNAs), Piwi-interacting RNAs (piRNAs), endogenous small interfering RNAs (endo-siRNAs or esiRNAs) and transcription initiation RNAs (tiRNAs) [6] .
Circular RNAs (circRNAs), a novel member of the lncRNA kingdom, are generated by non-sequential backsplicing of exons, introns or a combination of both [7] [8] [9] . They are characterized by covalently closed loop feature without 5' end caps or 3' Poly (A) tails [10] . CircRNAs are highly stable
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International Publisher forms of ncRNAs due to their nuclease resistance properties [11] . CircRNAs were first identified in RNA viruses in the 1970s [12] [13] [14] . However, circRNAs were initially regarded as viral genomes or byproducts of pre-mRNA alternative splicing, and thus they did not gain much attention for a long time [15] . Recent developments in high-throughput sequencing technologies and microarray techniques enable scientists to conduct comprehensive analyses on the abundance, composition, expression profile and molecular function of circRNAs [16] . So far, large amounts of circRNAs have been successfully identified in a variety of organisms including plants, animals and human beings [17] . Moreover, circRNAs are evolutionarily conserved across these species [18] . The widespread abundance of circRNAs in eukaryotic cells suggests that circRNAs are not simply accidental byproducts of mis-splicing events, but represent an indispensable part of lncRNA families [19] .
The biological function of circRNAs has become a hotspot of scientific research in recent years. A growing body of evidence shows that circRNAs act as miRNA sponges and fulfill regulatory function in gene expression [20] . Remarkably, a variety of circRNAs are aberrantly expressed in specific disease contexts, suggesting their association with the occurrence and development of human diseases [21, 22] . For instance, Sand et al [23] investigated the expression of circRNAs in cutaneous squamous cell carcinoma (cSCC). They identified 322 differentially expressed circRNAs (143 upand 179 down-regulated) in cSCC. Strikingly, there are 1,603 MREs (miRNA response elements) present in these differentially expressed circRNAs, which highlights that the involvement of circRNAs in cancer progression is strongly related to their interference with miRNA functions.
Another study in chronic thromboembolic pulmonary hypertension (CTEPH) indicates that 351 circRNAs (122 up-and 229 down-regulated) are differentially expressed between the control and CTEPH groups [24] . Among these circRNAs, hsa_circ_0022342 and hsa_circ_0002062 can regulate the activity of miRNAs that are crucial in CTEPH development. Therefore, hsa_circ_0022342 and hsa_circ_0002062 are considered as potential therapeutic targets for CTEPH treatment. Similarly, 183 circRNAs are upregulated and 64 are downregulated in type 2 diabetes mellitus (T2DM) patients with depressive symptoms compared with that in T2DM patients [25] . Several differentially expressed circRNAs are predicted to participate in the pathogenesis of depression in patients with T2DM. Due to their abundance, stability and evolutionary conservation, circRNAs have great potential as novel diagnostic biomarkers as well as therapeutic targets for various diseases [26] [27] [28] .
Apart from their roles as miRNA sponges, circRNAs perform multiple functions in cellular processes including regulation of alternative splicing and gene expression, scaffolds for the assembly of protein complexes, templates for translation, and modulators of rRNA and tRNA biogenesis. Interestingly, two research groups report the most recent progress on circRNAs and reveal a novel function of circRNAs, linking circRNAs to host-virus interaction. The recognition of circRNAs by the nucleic acid sensor RIG-I is essential for the innate immune signaling [29] . This recognition activates the innate immune responses and provides protection against viral infection. The immune factors NF90/NF110 modulate circRNA biosynthesis and suppress viral infection by interacting with viral mRNAs [30] . Taken together, these findings confirm the intervention of circRNAs in immune regulation and viral infection. CircRNAs can be used to boost immune activation for antiviral therapeutic purposes. However, several intriguing questions require to be clarified: How do circRNAs escape immune surveillance? How do the cellular immune factors interact with circRNAs? How do circRNAs contribute to antiviral immune responses? Therefore, in this review, we summarize the classification, biogenesis and function of circRNAs, and emphasize their implications in antiviral immunity.
Classification and Biosynthesis of circRNAs
CircRNAs arise from exons, introns, intergenic or untranslational regions by a non-canonical splicing process termed 'backsplicing' [31, 32] . The canonical splicing machinery can control pre-mRNA backsplicing process [33] . The mutations at splice sites that bracket circRNA-forming exons prevent exon circularization, which indicates that the efficiency of exon circularization relies on the presence of canonical splice sites flanking the exons [22] . CircRNAs are mainly divided into three groups based on their components: 1) exonic circRNAs (ecircRNAs) [34] ; 2) ElciRNAs or retained-intron circRNAs [35] ; 3) circular intronic RNAs (ciRNAs) [36] (Figure 1) .
EcircRNAs, consisting of one or more exons, make up the vast majority (over 80%) of circRNAs. EcircRNAs are synthesized by non-sequential backsplicing in which a downstream splice donor of pre-mRNA covalently joins with an upstream splice acceptor [18, 37] . Exons of single-exon circRNAs are much longer than exons in multiple-exon circRNAs [38] . Exons with the length greater than 300 nt are more likely to form circRNAs than short exons, which demonstrates that exon length affects the efficiency of backsplicing [39] .
Two potential models of ecircRNA generation, "lariat-driven circularization" and "intron-pairingdriven circularization", were previously proposed [40] . The former is related to exon skipping, in which the (3') splice acceptor site of an upstream exon is ligated to the (5') splice donor site of a downstream exon and an RNA lariat containing one or more skipped exons is formed. The intronic sequences in the lariat are then removed, resulting in the generation of a mature ecircRNA. The latter is mainly dependent on reverse complementary motifs in introns. Two introns that flank alternatively spliced exons within the nascent RNA transcript form a circular structure by complementary base-pairing. These intronic sequences are subsequently trimmed to generate an ecircRNA.
The introns bordering circularized exons usually contain reverse complementary Alu repeats, which is essential for intron-pairing-driven circularization [41, 42] . The RNA-editing enzyme, ADAR1, can restrain circRNA biogenesis. ADAR1 binds to dsRNA and catalyzes the conversion of adenosine (A) to inosine (I) [43] . ADAR1 destabilizes the Alu repeat sequences within the introns via mediating RNA editing in Alu regions, which leads to the inhibition of circRNA biogenesis [44] . A genome-wide analysis indicates that introns bracketing circularized exons are much longer than those flanking exons processed by linear splicing [45] . However, in some circumstances, introns between the encircled exons are not spliced out, which results in the formation of retained-intron circRNAs or ElciRNAs [46] .
CiRNAs are generated from intron lariats processed by spliceosome-mediated splicing [47] . The intron lariats that escape debranching and degradation after splicing are circularized at the branchpoint 2'-5' linkage [48] . The 3' tail downstream from the branchpoint is removed to produce stable ciRNAs [49] . Recent studies indicate that circRNAs can be synthesized by RNA-binding proteins (RBPs)-mediated circularization [50, 51] . RBPs bring the introns flanking circRNA-forming exons into close proximity to favor exon circularization.
Biological functions of circRNAs

CircRNAs act as novel players in human diseases by sponging miRNAs
Emerging evidence suggests that the biological functions of circRNAs include molecular sponges for miRNAs or RBPs, regulation of alternative splicing and gene expression, templates for translation and probably other unknown roles [46, [51] [52] [53] . Notably, the property of circRNAs as miRNA sponges has been extensively studied. miRNAs are a class of small RNAs that negatively regulate the expression of target genes [54] . miRNAs destabilize target mRNAs by binding to the 3' UTRs of mRNAs and interfere with their translation. miRNAs are involved in human diseases and are potential predictive biomarkers and therapeutic targets for many diseases [55] [56] [57] . CircRNAs can function as molecular sponges to absorb and sequester miRNAs, and thus they can counteract miRNA-mediated degradation of mRNAs [33] . Based on these clues, circRNAs may serve significant roles in the initiation and progression of human diseases such as cancers, neurological disorders and cardiovascular diseases by acting as miRNA sponges.
The first identified miRNA sponge is ciRS-7, which is generated from the cerebellum degenerationrelated protein 1 antisense (CDR1) [58, 59] . CiRS-7 contains over 70 miR-7 binding sites, which enables it acting as an endogenous miR-7 inhibitor and weakening the regulatory effects of miR-7 on target mRNAs. The ciRS-7/miR-7 interaction is highly associated with the development of various cancers including neuroblastoma, astrocytoma, lung carcinoma and cervical cancer [60] . The epidermal growth factor receptor (EGFR), a target of miR-7, is a key factor in the development of multiple cancers [61] [62] [63] . Kruppel-like Figure 1 . The categories of circRNAs. Pre-mRNA can be processed through either canonical splicing to produce linear RNAs (left) or backsplicing to generate circRNAs (right). CircRNAs are mainly divided into three categories based on their components. Exonic circRNAs (ecircRNAs) are exclusively composed of exons and represent the largest group of circRNAs. ElciRNAs retain intronic sequences between the back-spliced exons (at least two) and predominantly exist in the nucleus. Circular intronic RNAs (ciRNAs) are generated only from intron lariats and constitute a small class of circRNAs. factor 4 (KLF4) is another target of miR-7, which exhibits an inhibitory effect on the growth of cancer cells [64] . CiRS-7 can quench miRNA-7 function and upregulates the expression of EGFR and KLF4, thus promoting cancer development [65] . miR-7 is involved in the pathogenesis of Parkinson's disease by regulating the expression of α-synuclein [66] . In dendrites, ciRS-7 co-localizes with miR-7, which indicates that ciRS-7 could be an important regulator in the development of neurological disorders [22] . A decreased expression of ciRS-7 in the hippocampus of Alzheimer's patients indicates that the deficiency of ciRS-7/miRNA-7 leads to the progression of Alzheimer's disease [67] . Memczak et al. [8] found that upregulation of ciRS-7 or knockdown of miR-7 impairs the midbrain development in zebrafish.
The characterization of ciRS-7 sheds light on the miRNA sponge function of circRNAs. Testis-specific circRNA, Sry (sex-determining region Y), is abundantly present in the testis of adult mouse [52] . Sry circRNA harbors 16 binding sites for miR-138 and influences the expression of miRNA-138 target genes. miR-138 can control the expression of genes related to the initiation, invasion and metastasis of cancers [20] . Therefore, the Sry circRNA/miRNA-138 pathway can be delved for the purpose of cancer diagnosis and therapy.
CircRNA-MYLK is identified as a competitive endogenous RNA molecule (ceRNA) for miR-29a [68] . CircRNA-MYLK can promote the development of bladder cancer via relieving miR-29a-mediated suppression of VEGFA/VEGFR2 signaling pathway. Cir-ITCH (E3 ubiquitin protein ligase) inhibits the regulatory effect of miR-7, miR-17 and miR-214 on target genes involved in Wnt/β-catenin signaling pathway and blocks the growth of esophageal squamous cell carcinoma (ESCC) [69] . Huang et al. [70] showed that the level of cir-ITCH is extremely lower in colorectal cancer (CRC) than that of in the peritumoral tissue. In fact, cir-ITCH has the capability to inhibit the Wnt/β-catenin pathway by elevating the level of ITCH, which suppresses the proliferation of CRC cells. Hsa_circ_0013958 promotes the progression of lung adenocarcinoma by antagonizing the inhibitory effect of miR-134 on the expression of oncogenic cyclin D1 [71] . Similarly, circRNA_100269 regulates the proliferation of gastric cancer cells through sponging its target miRNA (miR-630) [72] . CircTCF25 sequesters miR-103a-3p and miR-107, and enhances the expression of CDK6 [73] . Consequently, circTCF25 can promote the proliferation, migration and metastasis of bladder cancer cells. A recent study found that hsa_circ_001569 is strongly associated with the development of colorectal cancer [74] . Hsa_circ_001569 upregulates the expression of miR-145 target proteins (E2F5, BAG4 and FMNL2), which contributes to the proliferation and invasion of colorectal cancer cells.
Several circRNAs can specifically capture the miRNAs associated with cardiovascular diseases. Heart-related circRNA (HRCR) increases the expression level of ARC by acting as a miR-223 sponge [75] . The upregulation of HRCR protects the heart from pathological hypertrophy. A novel circRNA, circRNA_010567, negatively regulates the activity of miR-141 [76] . The circRNA_010567/ miR-141/TGF-β1 axis plays a regulatory role in the pathogenesis of myocardial fibrosis in the diabetic mice. The mitochondrial fission and apoptosis-related circRNA (MFACR) modulates mitochondrial fission and cardiomyocyte apoptosis by suppressing miR-652-3p and upregulating its target MTP18 [77] . CircRNA_000203, derived from mouse Myo9a transcript, is highly active in diabetic mouse myocardium and Ang-II-induced cardiac fibroblasts [78] . CircRNA_000203 selectively sponges miR-26b-5p and blocks its anti-fibrotic effect in cardiac fibroblasts, leading to increased proliferation of cardiac fibroblasts.
The clinical studies reveal the critical role of circRNAs in the development of human diseases. The levels of circ-FBXW7 and its translated protein FBXW7-185aa are decreased in glioblastoma tissues compared with adjacent non-tumorous tissues [79] . Circ-FBXW7 expression is positively linked with the overall survival of glioblastoma patients. Therefore, circ-FBXW7 might be a clinical indicator for glioblastoma prognosis. In gastric cancer (GC) tissues, circRNA_0026 exhibits a significantly differential expression pattern when compared to adjacent normal tissues [80] . CircRNA_0026 is a potentially valuable biomarker for GC diagnosis and therapy.
Another study indicates that circRNA_100338 is highly expressed in patients with hepatocellular carcinoma (HCC) [81] . CircRNA_100338 regulates cell metastasis in liver cancer by acting as an endogenous sponge for miR-141-3p. Accordingly, circRNA_100338 is closely associated with decreased survival time and tumor metastasis in HCC patients. These findings suggest that the circRNA_100338/miR-141-3p pathway is involved in the progression of HCC. In rheumatoid arthritis (RA) patients, the expression levels of circRNA_003524, circRNA_101873, circRNA_103047 and circRNA_104871 are significantly increased, and these circRNAs could serve as potential biomarkers for RA diagnosis [82] . Likewise, a list of circRNAs is significantly upregulated in patients with type 2 diabetes mellitus with proliferative diabetic retinopathy (T2DR) [83] . These circRNAs can be developed into novel targets for T2DR therapy.
Collectively, these studies indicate that circRNAs can sequester miRNAs and block them from acting on the protein-coding mRNAs. The circRNA/miRNA/ mRNA axis plays a crucial role in the occurrence and progression of human diseases. CircRNAs possess great potentials as diagnostic biomarkers and therapeutic targets for many diseases. However, there is still a long way to go for the clinical application of circRNAs. For example, the molecular mechanisms underlying the specific interactions among circRNA, miRNA and its target mRNA during the progression of diseases remains to be comprehensively elucidated. In addition, a detailed investigation is essential to delineate the regulation of circRNA biosynthesis and degradation during the initiation and development of pathological disorders. Furthermore, it is important to clearly understand the biological functions of circRNAs under physiological as well as pathological conditions.
CircRNAs regulate the assembly and transport of cellular proteins
CircRNAs act as scaffolds for the assembly of protein complexes [84] . For instance, Foxo3 circular RNA (circ-Foxo3) serves as a scaffold to enable the interaction between cyclin-dependent kinase 2 (CDK2) and CDK inhibitor p21 [85] . The circ-Foxo3/CDK2/p21 complex blocks the cell cycle progression in response to cell overgrowth. CircRNAs also have the capability to sequester cellular proteins from their native subcellular localization [84] . Circ-Foxo3 mainly presents in the cytoplasm [86] . The cytoplasmic circ-Foxo3 binds to inhibitor of differentiation-1 (ID-1), the transcription factor E2F1, hypoxia inducible factor-1α (HIF-1α) and focal adhesion kinase (FAK), and inhibits their translocation, leading to their retention in the cytoplasm. In addition, it has been speculated that circRNAs can function as RBP reservoirs and transporters to deliver RBPs to the specific subcellular locations [26] .
CircRNAs regulate alternative splicing and gene expression
The biogenesis of circRNAs negatively affects the efficiency of pre-mRNA alternative splicing and exerts regulatory effects on gene expression [87] . CircRNAs are known to be produced by scrambling of exons during pre-mRNA splicing. After backsplicing, the internal exons are excised to form a circRNA, leaving the remaining pre-mRNA spliced in an alternative pattern [48] . CircRNAs are generally synthesized at the expense of their linear equivalents [88] . Recent studies show that there are competitions between backsplicing and linear splicing due to overlapping dependence on the spliceosomal machinery [89, 90] . As a result, the biogenesis of circRNAs causes a decrease in the level of protein-coding mRNAs. The regulatory mechanisms underlying the choice of pre-mRNA splicing remain unclear and are worthy to be intensively studied.
CircRNAs inhibit parental gene expression through competing with their linear counterparts [51] . A circRNA (circMbl) produced from the second exon of the splicing factor muscleblind (MBL) harbors conserved MBL binding sites in its flanking introns [91] . The binding of MBL to the flanking introns is essential for the circularization of its own second exon, thus promoting the production of circMbl [92] . If MBL protein level is in excess, its mRNA is downregulated by increasing the production of circMbl. Therefore, circMbl functions as MBL sponges to modulate the translation of MBL. CircRNAs also suppress parental gene transcription by occupying RNA binding sites in target genes. SEPALLATA3 (SEP3) exon 6 circRNA strongly binds to its cognate DNA locus and blocks the binding of its linear isoform to the cognate DNA [93] . The formation of RNA: DNA hybrid or R-loop results in the termination of SEP3 gene transcription.
Interestingly, circRNAs can promote the expression of their parental genes in some circumstances. For example, knockdown of circRNA EIF3J and circRNA PAIP2 remarkably reduces the expression level of their parental genes [46] . Two abundantly expressed ciRNAs, ci-ankrd52 and ci-sirt7, are able to enhance the transcription of their parental genes through binding to RNA Pol II complex [94] . Furthermore, EIciRNAs, a class of regulatory circRNAs, binds to RNA Pol II via interacting with U1 small nuclear ribonucleoprotein (snRNP). The interaction between EIciRNAs and RNA Pol II leads to an increase in the mRNA level of their parental genes [95] .
It has been found that RBPs are capable of regulating post-transcriptional processes of gene expression [96] . CircRNAs can prevent RBPs binding to the corresponding mRNAs and inhibit the translation of mRNAs. Human antigen R (HuR), an mRNA binding protein, has been reported to regulate the gene expression by interacting with coding and non-coding linear RNAs [97] . The binding of circPABPN1 to HuR blocks its interaction with PABPN1 transcript and thus suppresses PABPN1 translation [98] .
CircRNAs possess protein-coding activity
It is well known that circRNAs are mainly produced from exons, which suggests that circRNAs can be potentially translated into proteins. Many research groups found evidence to support this notion. A circRNA, circ-ZNF609, contains a 753-nt open reading frame (ORF) [99] . This circRNA can be translated into functional proteins in a cap-independent and splicing-dependent manner. The translation of a circRNA derived from the muscleblind locus provides strong evidence for the protein-coding capability of circRNAs [100] .
In eukaryotes, transcripts can be translated through a cap-independent mechanism [101] . The presence of internal ribosomal entry sites (IRES) is important for the initiation of cap-independent translation [102] . Has_circ_0041407 contains an IRES element as well as protein-coding fragments of MAX network transcriptional repressor (MNT) [103] . Moreover, has_circ_0041407 can be translated into a 31-kDa chimeric protein, which suggests that the IRES sequences drive circRNA translation. Some natural circRNAs can interact with cap-independent translation factors such as eukaryotic initiation factor 3 (eIF3) and N 6 -Methyladenosine (m 6 A), suggesting the translational potentials of these circRNAs [104] .
CircRNAs modulate generation of rRNAs and tRNAs
The circular form of antisense non-coding RNA in the INK4 locus (circANRIL) can bind to crucial 60S-preribosomal assembly factor, pescadillo ribosomal biogenesis factor 1 (PES1), and blocks ribosomal RNA (rRNA) maturation [105] . In some archaea, circRNAs act as midbodies during rRNA processing. rRNA precursors initially form circular shaped intermediates by cleavage and linkage [106] . The circRNA intermediates are then cleaved into 16S and 23S rRNAs [107] . CircRNAs are also important intermediates in the biogenesis of transfer RNAs (tRNAs). CircRNA intermediates are generated to inverse the order of the 5'-and 3'-regions of permuted tRNAs [108, 109] .
CircRNAs are involved in antiviral immunity
The dsRNA-binding proteins, such as retinoic acid-inducible gene-I (RIG-I), melanoma differentiation-associated gene 5 (MDA5), laboratory of genetics and physiology 2 (LGP2) and Toll-like receptor 3 (TLR3), are key factors in the host antiviral defense system [110, 111] . These proteins sequester viral RNAs to antiviral effector molecules, which consequently leads to the elicitation of antiviral immune responses. Recently, Chen et al. [29] uncovered a novel function of circRNAs in evoking antiviral immune responses. They found that the delivery of purified circRNAs activates RIG-I and confers effective immune protection against viral infection (Figure 2) . Further exploration indicated that RIG-I is activated by circRNAs made with self-splicing introns instead of the same circRNAs created with endogenous introns and spliced by cellular splicing machinery. Thus, the activation of immune responses depends on the splicing mechanism of circRNAs. In host cells, a set of diverse RBPs bind to the cellular endogenous circRNAs. In contrast, few proteins interact with 'non-self' circRNAs. The RBPs serve to mark 'self' circRNAs and allow the host cells to distinguish 'self' circRNAs from foreign circRNAs.
RIG-I is known as a dsRNA-binding protein [112] . The endogenous circRNAs are able to evade RIG-I-mediated immune recognition, suggesting that circRNAs possess unknown RIG-I-regulatory elements. This finding also raises several interesting questions. Further researches are needed to find out whether the interaction between specific RBPs and 'self' circRNAs is essential to escape RIG-I recognition. The molecular mechanisms by which RBPs protect 'self' circRNAs from RIG-I sequestration remain to be clarified. The linearization of circRNAs greatly reduces their immune stimulatory activities, which indicates that the circular property of RNAs is vital for the host immune responses. It is intriguing how circRNAs interact with RIG-I despite without 5' or 3' ends.
In a previous study, circRNA sequencing was performed to analyze circRNA expression in avian leukosis virus subgroup (ALV-J) resistant and susceptible chickens [113] . As a result, 12 differentially expressed circRNAs are identified to be upregulated in ALV-J resistant chickens. The miRNA target genes of these highly expressed circRNAs are mainly implicated in immune pathways such as modulation of B cell activation and antigen-presentation process. Grass carp reovirus (GCRV) is a major pathogen that contributes to severe hemorrhagic diseases in grass carp [114] . The role of circRNAs in host-GCRV interactions was explored by applying deep circRNA sequencing [115] . A total of 41 differentially expressed circRNAs with their binding miRNAs are identified in grass carp following GCRV infection. Moreover, the target genes of these miRNAs serve important functions in immune responses, hemostasis, and coagulation and complement cascades. Collectively, the circRNA/miRNA/mRNA network can regulate host immune function and thus provide efficient protection against viral infection.
Another investigation reveals that circRasGEF1B is conserved between human and mouse, and acts as a positive controller of lipopolysaccharide (LPS) response [116] . Notably, circRasGEF1B can regulate the abundance of the intercellular inflammatory adhesion molecule ICAM-1 by modulating the stability of ICAM-1 mRNA. ICAM-1 is essential for the recruitment of leukocytes to inflamed sites and thus plays a critical role in viral pathogenesis [117, 118] . CircRasGEF1B may be instrumental in spurring innate immune responses and protecting host cells against pathogen invasion. Although there is currently limited information about the regulatory role of circRNAs in the host immune responses, we speculate that circRNAs exert multiple functions in immune regulation. Additional investigations are required to throw light on the abundance and functions of circRNAs in the host immune system.
The circRNA biogenesis can be influenced by the host immune system as well as viral infection [30] . The immune factors, NF90 and NF110 (NF90/NF110), play important roles in host immune defense against viral infection [119] . NF90/NF110 bind to inverted repeat regions in the introns flanking the encircled exons and promote pre-mRNA backsplicing by stabilizing intronic RNA hairpin structures. Upon viral infection, NF90/NF110 are rapidly released from circRNPs and exported from the nucleus to the cytoplasm. As a result, the abundance of NF90/NF110 in the nucleus is significantly reduced. The cytosolic retention of NF90/NF110 may attribute to PRK-mediated inhibition of nuclear import or capture of NF90/NF110 by viral mRNAs in the cytoplasm. The released NF90/NF110 can inhibit viral proliferation by binding to viral mRNAs. The nuclear export of NF90/NF110 also leads to a decreased level of circRNAs in the nucleus. These findings provide important clues for the interplay between circRNAs and the cellular immune factors.
In fact, NF90/NF110 exhibit higher affinities for circRNAs than their linear equivalents. However, the specific mechanism by which these immune factors regulate circRNA biogenesis remains to be illustrated. In addition, more detailed studies are required to identify the key structural elements within circRNAs that recruit cellular antiviral immune factors. The impacts of circRNAs on the function of the cellular immune factors also deserve deep exploration. It is certain that more in-depth investigations on the interaction between circRNAs and the host immune system will enrich our knowledge of circRNA biology. Given the fact that circRNAs were first found in RNA viruses [120] , they can be used as templates for viroid or virus replication. In viruses, circRNAs are highly homologous. Therefore, study on circRNAs could provide insights into the origin and evolution of viruses [121] . Viruses are known to exclusively depend on the host cellular machinery to ensure their survival [122] . Viruses have evolved to regulate the cellular environment such as miRNA-mediated gene silence [123] . In this background, circRNAs may function in a pro-viral pattern. Viruses could take advantages of host circRNAs to enhance expression of the cellular or viral proteins that are essential for viral entry, replication and pathogenesis.
The cellular miRNAs play an important part in host-virus interactions by targeting crucial genes involved in immune regulation and viral pathogenesis [124] [125] [126] . It has been reported that viruses are capable of exploiting cellular miRNAs to fit their requirements [127] . In virus-infected cells, circRNAs may exert inhibitory functions in viral infection by suppressing the activities of cellular miRNAs. Likewise, the viral miRNAs take part in the development of viral diseases by modulating the cellular processes including apoptosis-related and anti-tumor pathways [128, 129] . In some cases, virus-encoded miRNAs inhibit the expression of viral genes and thus protect virus-infected cells from the host immune surveillance [130] . CircRNAs may effectively induce antiviral immune responses via offsetting the effects of viral miRNAs on target gene expression. Thus, suppressing the function of the cellular or viral miRNAs by circRNAs might represent a promising therapeutic strategy against viral infection.
There are several useful computational resources available for the study of circRNA interactions and functions. A comprehensive database named 'HumanViCe' provides a repository of potential circRNAs that can sponge human or viral miRNAs in virus-infected cells [131] . In HumanViCe, a large number of circRNAs are predicted to contain multiple binding sites for viral miRNAs. For example, a human circRNA, hsa_circ_002048, derived from ANKRD11 transcript harbors 36 binding sites for EBV-encoded miR-BART20-5p. The function analyses of these circRNAs demonstrate that they mainly participate in the cellular pathways that are associated with viral entry, replication as well as virulence. Therefore, HumanViCe serves as a vital resource for further investigation into the function of host circRNAs in viral infection. A web tool, CircInteractome (circRNA interactome), enables scientists to identify putative circRNAs that can interact with miRNAs or RBPs [103] . CircInteractome also provides detailed information about circRNAs and their potential roles in sponging miRNAs or RBPs. It has been proven that some RBPs such as Muscleblind [51] and Quaking [50] are key regulators in circRNA biogenesis. More importantly, RBPs can function as antiviral effectors by triggering host immune responses [132] . An in-depth understanding of the interplay between circRNAs and RBPs would accelerate our efforts to uncover the functional roles of circRNAs in antiviral immunity.
Conclusions and perspectives
CircRNAs, a major class of ncRNAs, were previously regarded as transcriptional byproducts or errors. The recent advancement in high-throughput sequencing reveals that circRNAs are universally present in many species. The biological functions of circRNAs have gained great attention in recent years. Intriguingly, circRNAs can act as miRNA sponges, gene expression modulators, platforms for the assembly of protein complexes, templates for translation, and regulators of rRNA and tRNA biogenesis. Recently, the involvement of circRNAs in the induction of antiviral immunity has been disclosed. CircRNAs can regulate the expression of genes involved in innate immunity and confer protection against viral infection. In addition, cellular immune factors act as key regulators in circRNA biogenesis and are capable of inhibiting viral infection. These findings offer the latest addition to the ever-growing list of circRNA functions.
However, the current understandings and achievements in the study of circRNAs are still limited. There are a large number of circRNAs with unknown functions present in eukaryotic transcriptome.
In circRNA biogenesis, the backsplicing process of pre-mRNA is generally coupled with alternative splicing. It is yet unclear how does the splicing machinery select either alternative splicing or backsplicing to generate a circular RNA. The biogenesis and degradation machineries of circRNAs determine their abundance in specific subcellular localization and thus they are responsible for the biological functions of circRNAs in certain cases. Therefore, the clear understanding of underlying mechanisms of circRNA biogenesis and degradation is important. CircRNAs serve as RBP sponges and reservoirs to regulate the abundance of target proteins. However, the complicated interactions between circRNAs and RBPs also need more systematic survey. At present, the functional role of circRNAs in antiviral immunity is poorly understood. Further investigations are warranted to fully elucidate the complex interplays between circRNAs and the host immune system in antiviral defense responses. Continued studies on the implications of circRNAs in antiviral immunity will not only increase our knowledge about the physiological function of circRNAs, but it could also provide novel therapeutic strategies against viral diseases.
